Photoacoustic imaging is an emerging technique for anatomical and functional sub-surface imaging, but previous studies have predominantly focused on time-domain analysis. In this study, frequency-domain analysis of the radio-frequency signals from photoacoustic imaging was performed to generate quantitative parameters for tissue characterization. To account for the response of the imaging system, the photoacoustic spectra were calibrated by dividing the photoacoustic spectra (radio-frequency ultrasound spectra resulting from laser excitation) from tissue by the photoacoustic spectrum of a point absorber excited under the same conditions. The resulting quasi-linear photoacoustic spectra were fit by linear regression, and midband fit, slope, and intercept were computed from the best-fit line. These photoacoustic spectral parameters were compared between the region-of-interests (ROIs) representing prostate adenocarcinoma tumors and adjacent normal flank tissue in a murine model. The mean midband fit and intercept in the ROIs showed significant differences between cancerous and non-cancerous regions. These initial results suggest that such frequency-domain analysis can provide a quantitative method for tumor tissue characterization using photoacoustic imaging in vivo.
INTRODUCTION
Photoacoustic (PA) imaging is a nonionizing and noninvasive optical imaging modality that provides good soft tissue contrast, excellent spatial resolution, and deep penetration depth (Wang 2009 ). In their simplest form, PA images can be constructed by displaying only the amplitude of the envelope of the underlying radio-frequency (RF) photoacoustic signals received by a broad bandwidth ultrasound transducer as image brightness, similar to conventional B-mode ultrasound imaging. However, images generated this way or using other general PA imaging methods are subjected to the effects of a variety of factors including the optical excitation, US transducer response, and image post-processing, rendering the results operator-and system-dependent.
Hence in order to generate images that represent only tissue properties and permit easy comparison of images obtained with different settings or systems methods need to be developed to remove or minimize these factors.
Similar problems exist in traditional pulse-echo ultrasound (US) imaging with both acoustical excitation and detection (Shung and Thieme 1993) . Frequency-domain analysis of backscattered RF signals in pulse-echo US imaging (Lizzi et al. 1983; Feleppa et al. 1986; Lizzi et al. 1987; Insana and Brown 1993; Insana et al. 1994; Lizzi et al. 2003) has been exploited for objective, quantitative tissue characterization. In this approach, the power spectra of the RF signals from a region of interest are computed and calibrated to remove the system input and output effects. Because the resulting US spectra are often quasilinear over the bandwidth used in typical US imaging, a linear regression is performed to obtain a relatively small set of parameters from the calibrated US spectra (e.g., slope and intercept of regression line and the midband fit, which is the linear function evaluated at the midpoint of the usable bandwidth). It has been shown theoretically that these parameters are related to tissue microstructural properties (e.g., Published in Ultrasound in Medicine and Biology, Vol. 37, pp. 834-839, 2011. 4 effective acoustic scatterer size and concentration) (Lizzi 1997) . This quantitative US approach has proven to be effective for identifying changes in tissue state for prostate, breast, and other cancer tissue (Golub et al. 1993; Feleppa et al. 2001; Silverman et al. 2003; Oelze et al. 2004; Feleppa 2008) as well as intravascular plaque (Nasu et al. 2006 ) and has even been implemented to perform real-time tissue-typing . We hypothesize that PA spectral parameters may have similar interpretation and utility. For example, the amplitude of PA pressure pulse from a uniformly-illuminated spherical object is proportional to the optical absorption coefficient and size of the object, while the signal duration is proportional to its radius (Diebold 2009 ) and frequency-domain analysis of PA RF data from blood vessel phantoms (inkfilled cylindrical tubes in gelatin) has shown a relationship between spectrum characteristics and cylinder diameter (Gertsch et al. 2010) . Frequency-domain analysis of high-frequency photoacoustic imaging of ex vivo ocular tissue with visible light excitation has shown changes in midband fit and slope around pigmented iris (Silverman et al. 2010 ). Thus it is reasonable to expect that the size, concentration, distribution, and efficiency of optical absorbers will be expressed in the PA spectral properties from tissue in vivo, particularly given the prevalence of endogenous optical absorbers like hemoglobin. The goal of this pilot study is to determine whether frequency-domain analysis of RF data from PA imaging could be used to obtain numerical parameters for tissue characterization in the context of prostate-cancer tumors in a murine model.
MATERIALS AND METHODS

Experiment
A schematic diagram of the imaging system is shown in The calibration measurement used for PA spectral analysis was performed by imaging a hair fiber with a diameter of 30 μm, as shown in Fig. 1B . The photoacoustic signal from the hair fiber was generated using the same light illumination geometry with the same incident energy density as those in the animal experiment. The hair fiber was 25 mm from the US probe and absorption of the PA signal in the phantom is negligible. With a small diameter much less than the wavelength at the center frequency of the probe (0.24 mm), the hair fiber illuminated with the laser beam formed a point PA source with a broadband PA signal. subline is commonly used in assessing the therapeutic effect of cancer therapies. This Dunning tumor line has been reported to possess morphology and physiology that are similar to human prostate cancer (Isaacs et al. 1981; Lucia et al. 1998) . The subcutaneous MatLyLu tumors were induced by injecting 1×10 5 MatLyLu cells (ATCC) suspended in 0.05 mL PBS into the shaved rat flank. Imaging was conducted 9-12 days after inoculation when tumors with a surface diameter of 5-10 mm and a thickness of 2-4 mm had been generated and enhanced angiogenesis had also started (Kragh et al. 2001) .
Data analysis
The beamformed RF data from PA imaging was imported into MATLAB-based (v. 2009a, Mathworks) software developed in our lab for US spectral analysis that had been modified for PA image reconstruction and data analysis (Kumon et al. 2007; Kumon et al. 2010 ). To remove system artifacts, the PA power spectrum from a hair fiber was subtracted from each PA power spectrum to obtain the calibrated PA spectrum. Linear regression of the calibrated PA power spectra was performed over the usable bandwidth for the system, defined as the range of frequencies within −15 dB of the peak of the PA power spectrum of the hair fiber, to generate the slope, intercept, and midband fit. The mean of each PA spectral parameter was computed from all the windowed segments in the ROI. The mean ROI values from all animals were then analyzed using Student's T-test to determine if there were significant differences (p < 0.05) between the tumor and normal ROIs. If Levene's test for equality of variances indicated p < 0.05, then the T-test was performed with unequal variances assumed. The ShapiroWilk statistic was used to test the assumption of normality made by the T-test. Statistical calculations were performed using SPSS (v. 16, SPSS). Figure 3 shows the PA spectral analysis procedure. A segment of the time-domain PA signal from the hair fiber, before (black) and after (red) windowing with the Hamming window (Fig. 3A) , centered at the hair fiber (inset of Fig. 3A ) (the transducer was at the left of the fiber) was used to compute its PA power spectrum (Fig. 3B) . The −15 dB bandwidth was from 2.5 to 6.8 MHz. Figure 3C shows a segment of the time-domain signal for the PA data acquired in the tumor in Fig. 2A , before (black) and after (red) windowing. The inset indicates the location of the RF line using the same orientation as in Fig. 3A . Figure 3D shows the corresponding PA power spectrum for the windowed data in Fig. 3C . The inset shows the calibrated PA power spectrum with the best-fit line (dashed red) from a linear regression over the usable bandwidth to yield slope, intercept, and midband fit of the PA spectrum (indicated by the dashed horizontal line at the midband). This procedure was repeated for each segment of RF data in each ROI.
RESULTS
Figures
To graphically display the PA spectral information, parametric image maps were constructed, as shown in the example of Fig. 4 . For reference, Fig. 4A shows the US image of the same tumor as in Fig. 2B with the ROIs for the tumor and normal tissue superimposed.
Figures 4B, 4C, and 4D show the image maps for the midband fit, slope, and intercept, respectively, of the calibrated PA power spectra. In these images, the pixel corresponding to the center of each signal window is assigned a color based on the PA spectral value in that window, and the result is superimposed on the co-registered US grayscale image. For this particular case, 10 agents targeted to tumor cells may be able to further enhance this capability (Rajian et al. 2009; Yao et al. 2009; Zhang et al. 2009; Lu et al. 2010 ).
The typical qualitative presentation of PA images uses only the amplitude of the envelope of the RF-data to produce grayscale images, where frequency and phase information of the signals that may include potentially useful information about tissue properties were not used. The grayscale values are subjected to the settings of a variety of system-and user-dependent factors (e.g. brightness/contrast, thresholding, time-gain compensation adjustments, etc.) that make it difficult to compare between studies under different experimental conditions. The frequencydomain method described herein utilizes the unaltered RF data and yields parameters that compensate for system response and can be applied to PA data from any US imaging system. This study has several limitations. First, while the spectral parameters of pulse-echo US signals are related to tissue properties such as the spatial variation in acoustic impedance, the corresponding correlation between PA spectral and optical microstructural parameters has yet to be determined. A detailed theoretical investigation combined with a PA study of phantoms with scatterers of known acoustic and optical parameters will help to elucidate this relationship.
Second, the performance of PA spectral analysis may be improved by using a US system that is specifically designed to capture the signals of broad bandwidth expected in PA imaging. Finally, the spatial averaging inherent in an ROI method limits the spatial resolution over which the PA spectral parameters can be computed. 
